INTRODUCTION {#SEC1}
============

While functional DNA sequences in the non-coding portion of the genome offer an important framework for gene regulation, the epigenome exhibits remarkable lineage-specificity and plays a critical role in differential gene expression ([@B1]--[@B3]). The findings in recent years that certain DNA elements are associated with distinct histone modifications have provided a new pathway to identify networks of regulatory loci whose activities underpin the control of gene expression. As such, lineage-specific enhancers can be identified by promoter-distal enrichment in H3K4me1 and/or the recruitment of histone acetyltransferases (HATs) ([@B4],[@B5]). Furthermore, two classes of enhancers have been described, active enhancers marked additionally by H3K27ac and poised enhancers marked by the presence of H3K4me1 but lack of H3K27ac ([@B6],[@B7]). These studies also reveal that poised enhancers can be activated during differentiation by gaining H3K27ac, and as a result are able to mediate the expression of proximal genes. Therefore, enhancers marked by histone acetylation upon differentiation may reflect the activation of distinct gene programs regulated by lineage-specific transcription factors.

During myogenic differentiation, the commitment and development of skeletal muscle lineage is regulated by complex signaling pathways that induce a sequential expression of the muscle regulatory factors (MRFs). Myf5 and MyoD are the first MRFs to be expressed during development and have overlapping roles in the commitment of progenitor cells into the skeletal muscle cell lineage ([@B8]--[@B10]). Myogenin functions downstream of Myf5 and MyoD, and has been identified in particular as a fundamental regulator of myoblast differentiation ([@B11]). The MRFs generally recognize a highly similar DNA motif, referred to as the E-box, to which they bind and dimerize with other basic helix-loop-helix transcription factors ([@B10]). How MRFs regulate gene expression during early myoblast differentiation is consequently affected by their DNA binding partner and through their association with the HATs ([@B12]--[@B14]).

C2C12 is a non-transformed myogenic cell line obtained by continuous passaging of primary myoblasts isolated from mouse limb muscle ([@B15]). They not only closely resemble proliferating myoblasts that express the MyoD determination factors, abide genetic manipulation in that selected stable clones retain their ability to differentiate, but also provide a more homogenous population compared to primary myoblasts ([@B16],[@B17]). Furthermore, studies of gene expression in this well characterized and widely used model of myogenesis provide results consistent with that obtained from primary tissue cells ([@B18],[@B19]).

Retinoid X receptors (RXRs) belong to the nuclear receptor (NR) superfamily. There are three subtypes of RXRs, namely RXRα, RXRβ and RXRγ, which are bound constitutively to DNA, regardless of ligand, but act as transcriptional activators upon agonist activation ([@B20]--[@B22]). The function of RXRα is very important for early development ([@B23]--[@B25]). Specifically, RXRα null mice die in utero and present with myocardial and ocular malformation ([@B25],[@B26]). We have previously reported that bexarotene, a selective RXR agonist, promotes the specification and differentiation of skeletal myoblasts through the function of RXRα ([@B27],[@B28]). As a potential dimerizing partner of many nuclear receptors, RXR is involved in the regulation of a wide array of genetic targets, but it is unclear how rexinoids affect global myogenic expression.

In this study, we examined the rexinoid responsive transcriptional program and the interplay of rexinoid signaling with myoblast-specific chromatin state. We found that bexarotene coordinates muscle-related gene expression and bexarotene-promoted myoblast differentiation is largely transmitted through MyoD expression and coupled with MyoD- and myogenin-associated residue-specific histone acetylation at a distinct subset of enhancers. Our study thus provides novel molecular insights into the regulation of myogenic expression at the early stage of myoblast differentiation.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture and reagents {#SEC2-1}
-------------------------

Cells of the murine myoblasts cell line C2C12 (ATCC) were maintained in growth medium (GM), Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), at 37°C with 5% CO~2~. To induce differentiation, the medium of 80% confluent cell cultures was changed to differentiation medium (DM), DMEM supplemented with 2% HS ([@B29]) and 50 nM of bexarotene was used for treatment conditions. Bexarotene was purchased from the LC Laboratories and UVI 3003 was from Tocris. The RXRα shRNA knockdown cells have been described previously ([@B28]).

RNA-seq and data processing {#SEC2-2}
---------------------------

Total RNA was extracted using RNeasy kit (Qiagen) according to manufacturer\'s instructions and sequenced by the McGill University Genome Quebec Innovation Centre in two biological repeats. Sequencing reads were aligned to the mouse genome build mm9 using Tophat ([@B30]) and guided by transcripts from the Ensembl 67 database. Transcript assembly was performed using Cufflinks and was followed by Cuffdiff ([@B31]) to estimate normalized gene expression and perform differential expression testing. To identify genes showing differential expression between conditions for downstream analysis, genes with a fold change in expression greater than ±1.5-fold and below a false discover rate (FDR) of 5% were selected. GO (gene ontology) terms significantly associated (*P*-value ≤ 0.05, Bonferroni) with genes that were differentially expressed were identified using the database for annotation, visualization and integrated discovery ([@B32]). For visualization and hierarchical clustering, *z*-scores were calculated from raw FPKM values (Fragments Per Kilobase of transcript per Million mapped reads), which were log~2~-transformed and scaled to the row mean and standard deviation using the following formula: \[log~2~ (FPKM)-mean of row\]/(standard deviation of row). These *z*-scores were also used to calculate the Pearson correlation coefficients between conditions.

ChIP-seq and data processing {#SEC2-3}
----------------------------

Cells were crosslinked and sonicated followed by chromatin immunoprecipitation as previously described ([@B29]). Antibodies against H3K9ac, H3K18ac, H3K27ac, H4K8ac and H3K27me3 were obtained from Abcam (ab4441, ab1191, ab4729, ab15823 and ab6002), RXRα, and p300 from Santa Cruz (sc-553x and sc-32758x). DNA was purified using the MinElute Spin Columns Kit (Qiagen) and input chromatin DNA was used as control. Purified DNA was sequenced by the McGill University Genome Quebec Innovation Centre with Illumina HiSeq 2000. Sequencing reads were mapped to the mouse genome build mm9 using Bowtie, allowing for three mismatches and reporting the single best alignment per 50 bp read. Picard was used to filter out replicated reads (<http://picard.sourceforge.net/>), and BAM files were converted into BED files with the BEDTools suite ([@B33]). For visualization of ChIP-seq signals in the Integrative Genomics Viewer, aligned reads were extended by 125 bp at their 3′ end and basewise signal intensity was computed. Local peaks in read enrichment were identified using MACS ([@B34]) (*v*1.0.0) with a *P*-value threshold of 1 × 10^−5^.

Chromatin state model {#SEC2-4}
---------------------

ChIP-seq datasets were obtained from the NCBI Gene Expression Omnibus (GEO) for RNA Pol II under the accession number GSM721286 and for H3K4me1 under GSM721288 ([@B16]), while for H3K4me3 under GSM918415 and for H3K36me3 under GSM918417 ([@B35]). The corresponding input for Pol II and H3K4me1 were obtained under GSM721306 ([@B16]), and for H3K4me3 and H3K36me3 under GSM918421 ([@B35]). Genome-wide binding sites for MyoD and myogenin were obtained for MyoD_GM under accession number GSM915186, for MyoD_24h under GSM915183 and for myogenin_24h under GSM915159 ([@B35]). The chromatin state model was generated using ChromHMM ([@B36]). The enrichment of transcription start sites (TSSs), Pol II binding sites and highly conserved non-coding elements (HCNCEs) was calculated as a ratio between the fraction of nucleotides overlapping between the feature and state and the joint probability of observing the feature and state. HCNCEs for the mm9 build were identified using genomic evolutionary rate profiling ([@B37]).

Analysis of histone enrichment and transcription factor binding sites {#SEC2-5}
---------------------------------------------------------------------

The enrichment of histone acetylation at the MRF binding sites was calculated with ngsplot ([@B38]), which calculates the coverage vectors for each query region based on specified alignment files. Following normalization and transformation on the coverage, an average profile is created as the number of reads in 20 bp bins within a 2 kb region, centered at the peaks and normalized to the total number of mapped reads (in millions) in the dataset. Two-sided Wilcoxon signed-rank test was used for statistical analysis. Homer ([@B39]) was used to perform d*e novo* motif analysis for RXRα ChIP-seq peaks, allowing for motif identification within 100 bp region from the peak center. Overlapping peaks were calculated as being located within 100 bp of one another with the *mergePeaks* tool within Homer.

Reverse transcription qPCR analysis {#SEC2-6}
-----------------------------------

Reverse transcription was performed using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Real-time PCR was conducted using SYBR^®^ Green PCR Master Mix and HotStarTaq DNA polymerase (Qiagen) on a CFX96 Touch Real-Time PCR Detection System (BioRad). Quantification of the targets, normalized to endogenous reference and relative to a calibrator control was calculated using the formula 2^--ΔΔCT^. MyoD, myogenin, Akt2 and Angptl4 gene specific primers have been described previously ([@B28],[@B29],[@B40],[@B41]) and primers for Cdkn1a, Sntb1, Tnnc1 and Tmem38a are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Quantitative ChIP analysis {#SEC2-7}
--------------------------

Following ChIP, purified DNA was amplified in triplicate real-time PCR reactions with locus-specific primers described previously ([@B16],[@B28],[@B29],[@B42]) or in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. Input DNA was used to create a standard curve in the PCR amplification for each set of primers. Quantification was analyzed as the abundance of locus-specific DNA in percentage of input DNA (enrichment as the percentage of input). MyoD antibody was from Santa Cruz (sc-584x) and myogenin from the Developmental Studies Hybridoma Bank (F5D).

Western analysis {#SEC2-8}
----------------

Whole cell extracts were prepared as described previously ([@B43]). Bio-Rad ChemiDoc MP System was used to capture chemiluminescent images, and ImageJ software was used for densitometry quantification.

RESULTS {#SEC3}
=======

Rexinoids promote distinct transcriptional programs during myoblast differentiation {#SEC3-1}
-----------------------------------------------------------------------------------

Given that little is known about the gene programs modulated by rexinoid signaling during myogenesis, we interrogated the transcriptome associated with the action of bexarotene, a selective RXR agonist. C2C12 myoblasts were differentiated in the presence of bexarotene for 12 or 24 h with untreated differentiating or proliferating myoblasts as controls, and then subjected to RNA-seq analysis in two biological repeats (GSE94560, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Cuffdiff analysis revealed that in untreated differentiating myoblasts, several thousand genes were up- or downregulated in comparison to their expression in proliferating myoblasts (FC ≥ ±1.5-fold, FDR ≤ 5%) (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}).

![Bexarotene coordinates differentiation-related gene expression. (**A**) C2C12 myoblasts were differentiated for 12 or 24 h and subjected to RNA-seq analysis with proliferating myoblasts as control. Volcano plot analysis of differentially expressed genes by 24 h of differentiation among all annotated Ensembl genes. Genes with a significant fold change in expression greater than 1.5-fold are shown in magenta (upregulated) and blue (downregulated), while the remaining genes are in gray. (**B**) Union analysis for genes differentially expressed during the first 12 h (0--12 h) and/or between 12 and 24 h (12--24 h) of differentiation. (**C**) Hierarchical clustering of bexarotene responsive genes on standardized values of expression in proliferating myoblasts (GM) and myoblasts differentiated for 12 or 24 h in the absence or presence of bexarotene (Ctl or Bex 50 nM). FPKM values were log~2~-transformed and scaled to the mean and standard deviation of the row to give row-based *z*-scores. (**D**) Overlap between genes that were responsive to bexarotene. (**E**) Levels of MyoD and myogenin transcripts were examined by a time course of RT-qPCR and presented as fold change relative to proliferating myoblasts (0 h), normalized to internal control (error bars: SEM; *n* = 3; \*, *P* \< 0.05). (**F**) Western analysis of MyoD, myogenin and RXRα protein with cyclophilin-B as a loading control. (**G**) Quantification of MyoD blots was presented as fold change relative to proliferating myoblasts (error bars: SEM; *n* = 5). (**H**) GO terms associated with genes that were responsive to bexarotene. (**I**) Heat map of bexarotene-responsive cell cycle-related genes presented as standardized *z*-scores in proliferating myoblasts (GM), and myoblasts differentiated with or without bexarotene for 12 or 24 h. (**J**) C2C12 myoblasts were differentiated with bexarotene in the presence or absence of RXR antagonist UVI 3003 (UVI, 1 μM) for 24 h. The mRNA levels of myogenin, Akt2, Tmem8c and Cdkn1a were determined by RT-qPCR and presented as the fold change in relation to proliferating myoblasts (error bars: SEM; *n* = 3).](gkx800fig1){#F1}

Consistent with previous microarray studies ([@B44],[@B45]), many of the upregulated genes were involved in muscle development and function, including myogenin (*Myog*) and skeletal muscle specific myosin heavy chain (*Myh1*), while downregulated genes were involved largely in cell cycle regulation and progression, such as *Ccnd1*, reflecting simultaneous exit from the cell cycle and the activation of myogenic expression (Figure [1A](#F1){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Notably, much of the differential expression occurring over the 24 h of differentiation took place during the first 12-h period, indicating a rapid switch in transcriptional programs at the onset of myoblast differentiation (Figure [1B](#F1){ref-type="fig"}).

We also identified 533 genes that were differentially expressed in bexarotene-treated differentiating myoblasts compared to the untreated by 24 h of differentiation (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). Hierarchical clustering of the bexarotene responsive genes on standardized values of expression revealed distinct groups of genes that appeared to be differentially coregulated across treated and untreated conditions (Figure [1C](#F1){ref-type="fig"}). Evidently, most of the bexarotene responsive genes were not affected during the first 12-h period of differentiation, suggesting that the majority of these genes may be regulated as an indirect response to bexarotene treatment (Figure [1D](#F1){ref-type="fig"}).

Nonetheless, MyoD, a key regulator of myogenic differentiation, was identified as an early genetic target of bexarotene through our RNA-seq analysis. Time course of RT-qPCR analysis revealed that MyoD transcripts were significantly upregulated by bexarotene starting from the 6-h time-point, while myogenin transcripts from the 12-h time-point (Figure [1E](#F1){ref-type="fig"}). The levels of MyoD and myogenin protein emulated their sequential upregulation during early differentiation and were further augmented following bexarotene treatment (Figure [1F](#F1){ref-type="fig"} and [G](#F1){ref-type="fig"}). In comparison, levels of RXRα protein remained largely steady (Figure [1F](#F1){ref-type="fig"}).

Interestingly, GO analysis illustrated that bexarotene affected the expression of many genes that are associated with muscle cell differentiation and cell cycle regulation, indicative of targeted genes involved in the coordinated progression of myoblast differentiation (Figure [1H](#F1){ref-type="fig"} and [I](#F1){ref-type="fig"}). For example, Cdkn1a, a gene that was upregulated at the onset of myoblast differentiation, was further augmented by bexarotene as validated by RT-qPCR analysis (Figure [1J](#F1){ref-type="fig"}). More importantly, co-treatment of differentiating myoblasts with RXR antagonist UVI 3003 ([@B28]) attenuated bexarotene-enhanced Cdkn1a expression (Figure [1J](#F1){ref-type="fig"}). Similarly, the RXR antagonist also impeded the positive effects of bexarotene on gene expression of Akt2 and myogenin which have been identified previously as rexinoid responsive genes ([@B28]). Taken together, our data suggests that bexarotene-enhanced myogenic expression is mediated through RXR selective signaling and rexinoid action occurs through the coordination of myoblast differentiation, from the exit of the cell cycle to the activation of myogenic expression.

RXR signaling regulates MyoD directly to promote myoblast differentiation {#SEC3-2}
-------------------------------------------------------------------------

We have previously shown that bexarotene acts through the function of RXRα to enhance muscle-related gene expression ([@B28]). To identify direct genetic targets of RXR signaling in early myoblast differentiation, we performed RXRα ChIP-seq analysis with myoblasts differentiated for 24 h in the absence or presence of bexarotene (GSE94558, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). To profile histone acetylation coupled with rexinoid action, we also performed ChIP-seq for H4K8ac, H3K9ac, H3K18ac and H3K27ac in matching conditions (GSE94558, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Through MACS analysis of the RXRα read enrichment signals, 627 and 1207 high confidence peaks were identified in the treated and untreated condition, respectively (Figure [2](#F2){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). As determined by *de novo* motif analysis, the nuclear receptor motif was found to be the top ranking binding motif amongst the RXRα peaks in both treated and untreated conditions (Figure [2A](#F2){ref-type="fig"}), in agreement with previous studies that RXRs are bound to their DNA sites constitutively, despite the presence of ligand ([@B46],[@B47]). Particularly, RXRα occupancy was evident at a previously identified locus of the gene encoding angiopoietin-like factor 4 (*Angptl4*), a model target of RXR signaling ([@B48]), and the *Angptl4* locus exhibited an apparent increase in H3K18ac enrichment following bexarotene treatment compared to untreated myoblasts (Figure [2B](#F2){ref-type="fig"}).

![RXR regulates MyoD expression. (**A**) Consensus binding sequences of nuclear receptors were discovered through *de novo* motif analysis of RXRα peaks in myoblasts differentiated for 24 h in the absence or presence of bexarotene (Ctl or Bex 50 nM). (**B**) Genome browser view of RXRα and histone acetylation signals at the *Angptl4* locus. Black bars show Refseq gene position and ChromHMM track colors correspond to color designated to each chromatin state as in Figure [3A](#F3){ref-type="fig"}. (**C**) Genome browser view of the *Myod1* locus. (**D**) H3K18ac enrichments at the *Angptl4* and *Myod1* locus were examined by qChIP analysis with an intergenic region as control. Enrichment was quantified as percentage of input (error bars: SEM; *n* = 3; \*, *P* \< 0.05). (**E**) RXRα-knockdown (shRXRα) myoblasts were differentiated with or without bexarotene for 24 h with proliferating myoblasts (GM) as controls. A non-silencing shRNA (shCtl) was used in parallel as control. The mRNA levels of Angptl4 and MyoD were assessed by RT-qPCR and plotted as fold change in relation to proliferating myoblasts (error bars: SEM; *n* = 3). (**F**) Expression levels of bexarotene responsive genes assigned to the RXRα peaks in differentiating myoblasts and that of all RXRα associated genes in differentiating myoblasts is presented as FPKM measured by RNA-seq. (**G**) The heatmap of Pearson correlation coefficients calculated between the row-based *z*-scores for bexarotene responsive genes. (**H** and **I**) MyoD association is categorized for the 147 genes upregulated by bexarotene between 12 and 24 h of differentiation and the 246 genes upregulated in the same period but not affected by bexarotene. A pie chart below displays the percentage of genes which exhibited a \>50% of inhibition in C2C12 myoblasts differentiated for 24 h following siMyoD knockdown, compared to a non-specific silencing control. (**J**) Expression of MyoD-associated genes (the 86 and 50% group respectively) from the siMyoD knockdown microarrays is presented as fold change in relation to a non-specific silencing control.](gkx800fig2){#F2}

Interestingly, the core enhancer region (CER) of *Myod1* ([@B49],[@B50]), ∼20 kb upstream of the TSS, as well as three additional regions (about 26, 34 and 38 kb upstream of the TSS) were also occupied by RXRα (Figure [2C](#F2){ref-type="fig"}). Moreover, H3K18ac at the CER was further enriched following bexarotene treatment as compared to the untreated condition (Figure [2C](#F2){ref-type="fig"}). ChIP-qPCR analysis validated that H3K18ac signals at the *Angptl4* and *Myod1* loci increased significantly following bexarotene treatment (Figure [2D](#F2){ref-type="fig"}), which is consistent with previous reports that H3K18ac is often associated with nuclear receptor signaling and rexinoid action ([@B28],[@B51]).

Additionally, the mRNA levels of Angptl4 and MyoD in differentiating myoblasts were indeed augmented after 24 h of bexarotene treatment and the positive effects of bexarotene on their gene expression were impeded by RXRα shRNA knockdown, indicating that bexarotene-enhanced gene expression is mediated through the function of RXRα as a transcription factor (Figure [2E](#F2){ref-type="fig"} and [Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). On average, the expression levels of RXRα-associated bexarotene responsive genes increased significantly following bexarotene treatment, whereas that of ENSEMBL genes assigned to RXRα en bloc was rather comparable in treated and untreated conditions (Figure [2F](#F2){ref-type="fig"}). Taken together, our data suggests that a common mode of molecular regulation may mediate differential gene expression observed in rexinoid-enhanced myoblast differentiation, in that it may be reconciled largely through the regulation of MyoD gene expression.

Pearson correlation analysis revealed that the expression levels of bexarotene responsive genes at 12-h of the untreated condition not only positively correlated to the treated condition at the same time point, but also to the proliferating state (Figure [2G](#F2){ref-type="fig"}), suggesting that these genes may be globally coregulated at the early stage of differentiation. Likewise, the lack of positive correlation between 24-h treated condition with the 12-h untreated and proliferating state again suggests that the late response to bexarotene treatment may be an indirect outcome. We therefore analyzed in greater detail the association of MyoD with bexarotene responsive genes to explore the potential of rexinoid signaling through MyoD to enhance myogenic expression, since MyoD is a direct target of RXRα (Figure [2C](#F2){ref-type="fig"}).

We found that 86% of the late bexarotene upregulated genes (12--24 h) were associated with MyoD (Figure [2H](#F2){ref-type="fig"}). In comparison, only 50% of the genes upregulated during the 12--24 h period of differentiation but not affected by bexarotene, were associated with MyoD (Figure [2I](#F2){ref-type="fig"}). In addition, 57% of MyoD associated bexarotene upregulated genes were significantly inhibited (FC ≥ 0.5) by MyoD siRNA knockdown ([@B52]), whereas only 23% of the differentiation-dependent bexarotene-nonresponsive genes were impacted in the same degree (Figure [2I](#F2){ref-type="fig"}). Finally, the expression of bexarotene upregulated genes was inhibited more significantly by MyoD siRNA in comparison to the differentiation dependant genes (Figure [2J](#F2){ref-type="fig"}). Taken together, our study suggests that MyoD is a major mediating factor in rexinoid responsive gene expression at the early stage of myoblast differentiation.

Mapping of genomic loci through chromatin states in proliferating myoblasts {#SEC3-3}
---------------------------------------------------------------------------

To further delineate the molecular pathways of rexinoid signaling in myogenic modulation, we generated a chromatin state model based on genome-wide co-occurrence of different epigenetic marks in committed proliferating myoblasts, using a hidden Markov model-based method. Incorporating published ChIP-seq datasets for the promoter-associated mark H3K4me3 and RNA polymerase II (RNA Pol II), enhancer-associated mark H3K4me1, transcription-associated mark H3K36me3 and the repressive mark H3K27me3 together with our own H3K9ac, H3K18ac, H3K27ac and H4K8ac ChIP-seq data in proliferating C2C12 myoblasts (GSE94558, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}), we established a model with 14 chromatin states reflecting diverse activities in gene expression prior to the onset of myoblast differentiation (Figure [3](#F3){ref-type="fig"}).

![Characterization of the epigenome in proliferating myoblasts. (**A**) The 14-state chromatin state model was generated based on global ChIP-seq read enrichment for RNA Pol II, H3K4me3, H3K9ac, H3K18ac, H3K27ac, H4K8ac, H3K4me1, H3K36me3 and H3K27me3. TSS enrichment was calculated as the ratio between the fraction of bases in the genome overlapping the feature and state and the joint probability that a base would overlap with the feature and state. Enrichment of highly conserved non-coding elements was calculated similarly. (**B**) Genome browser view of the ChIP-seq signals and chromatin states at the *Ccnd1* locus. Black bars show Refseq gene positions and ChromHMM track colors correspond to the colors designated for each chromatin state as in panel A. (**C**) Expression levels of the Refseq genes in proliferating myoblasts is presented as FPKM measured by RNA-seq analysis.](gkx800fig3){#F3}

These chromatin states were categorized as promoters, transcribed regions, enhancers and regions that were either inactive or repressed (Figure [3A](#F3){ref-type="fig"}). Briefly, promoter states were identified by enrichment of H3K4me3, TSSs, RNA Pol II and histone acetylation (Figure [3A](#F3){ref-type="fig"}). Such is the case of *Ccnd1* promoter ([@B53]), reflecting the fact that *Ccnd1* is readily accessible to transcriptional machinery and actively transcribed in proliferating myoblasts (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). On the other hand, enhancers were identified by the presence of H3K4me1 and absence of H3K4me3 and H3K36me3, and further classified as active or poised based on levels of histone acetylation (Figure [3A](#F3){ref-type="fig"}). For example, upstream region of the gene encoding Ccnd1 ([@B54]), a critical regulator of cellular proliferation, were marked by abundant of H3K4me1 and histone acetylation coupled to a high level of Ccnd1 transcripts, in contrast to neighbouring genes (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}).

As previously reported for other cell types ([@B55]), the majority of the myoblast genome (∼80%) was devoid of histone modifications analyzed (Figure [3A](#F3){ref-type="fig"}). Promoter and enhancer regions covered about 1 and 8% of the genome respectively, and had shorter median lengths than inactive or repressed regions, indicating that only a small portion of the genome is utilized to actively regulate gene expression within proliferating myoblasts (Figure [3A](#F3){ref-type="fig"}). Active promoters and enhancers were also enriched in HCNCEs (Figure [3A](#F3){ref-type="fig"}), as previously identified through genomic evolutionary rate profiling ([@B37]). Thus, distinct chromatin states characterized in proliferating myoblasts may be used to identify lineage-specific regulatory loci pertinent to myogenic differentiation.

MyoD and myogenin associate with distinct chromatin states {#SEC3-4}
----------------------------------------------------------

Since rexinoids appear to act through MyoD expression and MyoD and myogenin play sequential roles in the control of myogenic differentiation, we used published datasets ([@B35]) on genome-wide myogenin- and MyoD binding sites ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) in differentiating myoblasts to examine changes in residue-specific histone acetylation that may be linked to rexinoid signaling during early myogenic differentiation. As predicted by our 14 chromatin state model for proliferating myoblasts, 33 and 36% of myogenin peaks were associated to the promoter and enhancer regions respectively, whereas MyoD binding sites (∼61%) were largely found at the enhancer regions (Figure [4A](#F4){ref-type="fig"}). Although myogenin and MyoD sites at active enhancers displayed a differentiation-dependent increase in H3K18ac and H3K27ac signals, their binding sites at poised enhancers exhibited an apparent enrichment in each of the acetylation marks profiled including H4K8ac and H3K9ac (Figure [4B](#F4){ref-type="fig"}). Most interestingly, H4K8ac, H3K9ac, H3K18ac and H3K27ac were further enriched following bexarotene treatment at MyoD- and myogenin-associated poised enhancers, while no such increase was found at the active enhancers (Figure [4B](#F4){ref-type="fig"}). Our analyses thus suggest a possible role for MyoD and myogenin in the regulation of poised enhancers particularly in the context of rexinoid signaling.

![Association of MyoD and myogenin with distinct chromatin states. (**A**) Genome wide MyoD and myogenin binding sites in myoblasts differentiated for 24 h were associated with distinct chromatin states. (**B**) The average read enrichment profiles for H4K8ac, H3K9ac, H3K18ac and K3K27ac corresponding to ±1 kb of the MyoD and myogenin peaks associated to active and poised enhancers in proliferating myoblasts (GM), and myoblasts differentiated for 24 h in the absence or presence bexarotene (Ctl or Bex 50 nM). (**C**) The genome browser view of the ChIP-seq signals for MyoD and indicated histone acetylation at the *Myogenin* locus. Black bars show Refseq gene position and ChromHMM track colors correspond to the color designated for each chromatin state. (**D** and **E**) ChIP-qPCR analysis was performed for poised enhancers identified for *Myog, Akt2, Sntb1* and *Tnnc1* using antibodies against MyoD, p300 or myogenin. Normal IgG antiserum and a random locus (Ctl) were used as negative controls. Quantification is presented as the percentage of enrichment in relation to the input chromatin DNA (error bars: SEM; *n* = 3; \*, *P* \< 0.05). (**F**) Chromatin state distribution of MyoD peaks associated with genes upregulated by bexarotene and with genes upregulated during differentiation but not affected by bexarotene (the 86 and 50% group in Figure [2H](#F2){ref-type="fig"} and [I](#F2){ref-type="fig"}, respectively).](gkx800fig4){#F4}

In differentiating myoblasts, the activation of myogenin expression is coupled with the binding of MyoD to the promoter and upstream enhancer regions of the *Myog* locus ([@B56]) which was characterized as poised or inactive regions in proliferating myoblasts based on our 14 chromatin state model (Figure [4C](#F4){ref-type="fig"}). While myogenin has been identified previously ([@B28]) as a bexarotene responsive gene (Figure [1](#F1){ref-type="fig"}), RXR occupancy was not detected at the *Myog* locus (GSM2478304, GSM2478305). However, MyoD associated H4K8ac, H3K9ac and H3K18ac signals at the poised enhancers were not only enriched by 24 h of differentiation, but also further augmented following bexarotene treatment (Figure [4C](#F4){ref-type="fig"}). To delineate the potential mechanisms of MyoD mediated rexinoid responsive gene expression, we conducted ChIP-qPCR analysis to examine the association of MyoD and p300 to multiple poised enhancers as indicated by our chromatin state model, including a previously identified *Myog* enhancer ([@B16]). Normal IgG antiserum and a random locus were used as negative controls in the analysis. As shown in Figure [4D](#F4){ref-type="fig"}, the association of MyoD and p300 to these poised enhancers were markedly enriched by 24 h of differentiation. More importantly, the enrichment of MyoD and p300 at these poised enhancers were further significantly augmented with the addition of bexarotene (Figure [4D](#F4){ref-type="fig"}). Interestingly, myogenin was also significantly enriched at these poised enhancers to a similar degree following bexarotene treatment of the differentiating myoblasts (Figure [4E](#F4){ref-type="fig"}). RT-qPCR revealed that the expression of genes associated to these poised enhancers emulated the degree of MyoD, myogenin and p300 enrichments (Figure [1](#F1){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Thus, bexarotene responsive gene expression is mediated through the activation of poised enhancers by MyoD and myogenin as transcription factors and p300 as a HAT.

By and large, 51% of the MyoD peaks associated with the late bexarotene upregulated genes (12--24 h) were found at poised enhancers (Figure [4F](#F4){ref-type="fig"}). In comparison, only 32% of MyoD peaks associated with genes upregulated during the 12--24 h period of differentiation but not affected by bexarotene were found at the poised enhancers, which was similar to the chromatin state distribution of all MyoD peaks (compare Figure [4F](#F4){ref-type="fig"} with A). Taken together, our results highlight the importance of MyoD-coupled histone acetylation for the activation of myogenic expression at the onset of myoblast differentiation and for transmitting rexinoid signaling in differentiating myoblasts through poised enhancers, as MyoD is a direct genetic target of RXRα (Figure [2C](#F2){ref-type="fig"}) and important for myogenin expression ([@B8],[@B56]).

Overlapping of myogenin and MyoD in bexarotene responsive histone acetylation {#SEC3-5}
-----------------------------------------------------------------------------

Since bexarotene responsive genes may be globally coregulated at the early stage of differentiation and MyoD and myogenin play critical roles in muscle development, we further explored their interplay with rexinoid signaling. We first grouped genome-wide myogenin binding sites based on their colocalization with MyoD and found that ∼39% of myogenin sites overlapped with MyoD (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}), similar to a previous observation in which about 42% of myogenin sites overlap with MyoD at promoter regions ([@B18]). Interestingly, about 38% of myogenin-only sites were found in active promoters, but only 12% were found in poised enhancers (Figure [5C](#F5){ref-type="fig"}). On the other hand, ∼31% of MyoD sites were associated with poised and active enhancers, regardless of their colocalization with myogenin (Figure [5C](#F5){ref-type="fig"}). Additionally, the pattern of chromatin state association for sites overlapped by myogenin and MyoD is similar to that bound by MyoD-only but markedly different from that bound by myogenin-only (Figure [5C](#F5){ref-type="fig"}). Collectively, these results suggest that while myogenin and MyoD may share some overlapping targets, they each bind to a distinct set of loci associated with different chromatin states.

![Overlapping of myogenin with MyoD in histone acetylation. (**A**) Union analysis of MyoD and myogenin ChIP-seq signals in myoblasts differentiated for 24 h. (**B**) The top 20,000 MyoD and myogenin peaks were ranked by read enrichment, and grouped into bins with increments of 2000. Each box represents the fraction of sites bound by MyoD and myogenin in that bin. (**C**) The association of unique and overlapping MyoD and myogenin peaks with distinct chromatin states. (**D**) The average ChIP-seq signal profiles for H4K8ac, H3K9ac, H3K18ac and H3K27ac at poised enhancers bound by MyoD- or myogenin-only, or both in proliferating myoblasts (GM), and myoblasts differentiated for 24 h in the absence or presence bexarotene (Ctl or Bex 50 nM). (**E**) Quantification of log~2~-fold change in histone acetylation.](gkx800fig5){#F5}

More interestingly, poised enhancers bound by MyoD-only or overlapped by MyoD and myogenin showed a similar increase in differentiation-dependent histone acetylation (Figure [5D](#F5){ref-type="fig"}). However, histone acetylation in the two classes of binding sites differed in their response to rexinoid signaling. The MyoD binding sites overlapped by myogenin displayed a more pronounced increase in histone acetylation following bexarotene treatment as compared to those bound by MyoD-only, particularly in H3K9ac (Figure [5D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}). Taken together, our analyses suggest that while MyoD may lead the localization of MyoD--myogenin complexes across the enhancer regions, myogenin possibly cooperates with MyoD in rexinoid responsive histone acetylation at poised enhancers.

DISCUSSION {#SEC4}
==========

We have examined the molecular pathways associated with rexinoid-enhanced myogenic differentiation using integral RNA-seq and ChIP-seq analyses. Our findings show that rexinoid signaling acts through the coordination of myogenic expression, from the exit of the cell cycle to the activation of muscle-related genes. Interestingly, bexarotene-responsive gene expression is mediated through RXR as a transcription factor and reconciled largely through a direct regulation of MyoD gene expression. While histone acetylation increases with differentiation at MyoD binding sites associated with different chromatin states, bexarotene augments the enrichments of H3K9ac and H4K8ac particularly at poised enhancers. Our studies thus provide novel molecular insights into the interplay between rexinoid signaling and MRFs-associated chromatin states during early myogenic differentiation.

Intercellular signaling is vital for the intricate coordination of cell cycle regulation and muscle-specific expression at the early stages of myoblast differentiation. The transition between proliferation and differentiation is dependent on a rapid exit from the cell cycle and simultaneous expression of early MRFs. We found that *Myod1* is an early rexinoid responsive gene, the active enhancer regions of *Myod1* are occupied by RXRα, and knockdown of RXRα impedes MyoD gene expression (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}), suggesting that MyoD is a direct genetic target of RXR in early myogenic differentiation. At the onset of differentiation, MyoD activates the expression of both muscle-specific genes and cell cycle inhibitors, allowing irreversible exit from the cell cycle and progression into differentiation ([@B57],[@B58]). Given that the expression of MyoD is upregulated by bexarotene and RXRα is important for the positive effect of bexarotene on MyoD expression (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) and myoblast differentiation ([@B28]), a common mode of molecular regulation may mediate differential gene expression observed in bexarotene-enhanced myoblast differentiation.

Characterization of the chromatin states in proliferating C2C12 myoblasts reveals a muscle-specific usage of regulatory DNA elements, and the activity of muscle-specific enhancers is marked by local changes in residue-specific histone acetylation at the early stage of myoblast differentiation (Figures [3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}). While H3K9ac is generally considered as a global mark of promoter activity, we identify an enrichment of H3K9ac at poised enhancers coupled by MyoD at the early stage of differentiation (Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Interestingly, this enrichment of H3K9ac was further augmented at myogenin and MyoD overlapping sites following bexarotene treatment (Figure [5](#F5){ref-type="fig"}). Thus, H3K9ac may reflect the control of a discrete set of genes through the function of MyoD with cooperation of myogenin in early myogenic expression and MyoD plays important roles in the activation of poised enhancers particularly in milieu of rexinoid action. Besides H3K9ac, the enrichments of H4K8ac are also strongly coupled with MyoD and myogenin at the poised enhancers (Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}), suggesting that MyoD and myogenin may play important roles in residue-specific histone acetylation.

A recent study found that although Myf5 and MyoD bind to a largely shared set of DNA binding sites, they differ in their potential to activate gene transcription ([@B59]). We found here that myogenin is preferentially associated with promoters, while MyoD has an affinity to enhancers (Figure [4](#F4){ref-type="fig"}). In addition, MyoD appears to be governing the localization of myogenin and MyoD complexes across enhancers, and myogenin may cooperate with MyoD in rexinoid responsive histone acetylation at poised enhancers primed with MyoD binding (Figure [5](#F5){ref-type="fig"}). More interestingly, rexinoid-upregulated genes are preferentially associated with MyoD as compared to genes that are upregulated during the same period but not affected by rexinoid, while only a subset of MyoD associated genes are affected by rexinoids (Figure [2](#F2){ref-type="fig"}). Taken together, our findings support a role for MyoD in the activation of poised enhancers at the onset of myogenic differentiation and in the interplay with rexinoid signaling to further promote myoblast differentiation.

A variety of tissue-related diseases are characterized by muscle wasting, including cerebral palsy, inflammatory myopathies, muscular dystrophies ([@B60]--[@B62]). Particularly in Duchenne muscular dystrophy patients, the type II skeletal muscle fibers are more prone to damage ([@B63]). Interestingly, nuclear receptors, such as PPARδ which regulate transcription by heterodimerizing with RXR, play a key role in the regulation of mitochondrial respiration ([@B64]), skeletal muscle lipid oxidation as well as the determination of skeletal muscle fiber types, where an activated form of PPAR was shown to increase the proportion of type I fibers ([@B65]), suggesting that RXR agonists may be able to promote muscle generation. Thus, the application of specific nuclear receptor agonists may be explored in muscle-related diseases to promote myofiber numbers and oxidative capacity ([@B66]).

In this study, we demonstrate that specific targeting of RXR signaling promotes normal regulation of gene expression occurring during myoblast differentiation, and describe a novel molecular regulation of MyoD gene expression through the activation of RXR. A potential direction will be therefore to determine if rexinoids are able to similarly regulate myogenic transcription in a specific physiological context or disease models. Moreover, the model of rexinoid-enhanced myogenesis also offers an excellent system to identify additional genetic targets and molecular interactions for therapeutic development toward muscle-related diseases.
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